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SUMMARY

olJ43=l8s-

Theoretical rocket performance was calculated for JT-4 fuel with
mixtures of ozone and fluorine. The data were estimated by means of a
heat-correction equation using data for JP-4 fuel with mixtures of o~gen
and fluorine. The estimated values were checked with several direct cal-
culations. The estimated data were based upon equilibrium composition
during expansion, while the directly computed data were obtained for both
equilibrium and frozen composition during expansion.

The maximum value of specific impulse was 334.9 pound-seconds per
pound for a combustion-chamber pressure of 600 pounds per square inch
absolute and an exit pressure of 1 atmosphere.

INTRODUCTION

Liquid-fluorine - liquid-ozone mixtures might serve as high-energy
oxidants for rocket propellants. A mixture of liquid fluorine and liquid
oxygen has been shown to give better performance with hydrocarbons than
either 100 percent fluorine or oxygen (ref. 1). This is due to the pref-
erential burning of fluorine with hydrogen and oxygen with carbon.

The substitution of liquid ozone for liquid o~gen provides the
advantages of greater ener~ and density. Available information indi-
cates that liquid-fluorine - liquid-ozone mixtures may be stable. If
stable mixtures can be produced, this oxidant might have practical appli-
cation. The performance of fluorine-ozone mixtures on the assumption of
chemical equilibrium during expansion may be obtained from the perform-
ance of fluorine-oxygen mixtures for chemical equilibrium by applying a
simple correction for the increased heat of reaction. A formula for such
a correction is given in reference 2. The present report gives the spe-
cific impulse of fluorine-ozone mixtures with JP-4 fuel obtained with
this correction equation and compares it with several direct computations.
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CALCUIXl!IONCl?

The performance data presented

PERFORMANCE DATA

in this report were

“

calculated by two
methods. The first method estimates performance by means of a heat-
correction equation. The second meth~d obtains performance by direct
calculation.

Estimated Performance —

Specific-impulse data for fluorine-oxygen mixhn?es with JP-4 fuel
g

were corrected for the difference in heat of reaction~hetween oxygen tid
ozone to obtain estimated data for fluorine-ozone mi~~es ~th =-4 fuel: - ~
The heat reauired to convert 1 gram of liquid oxygen at its boiling point
to liquid o;one at its boiling ~oint
3). The difference in heat per gram
ozone instead of oxygen is given by

Ah = 726

is about 726 calories per gram (ref.
of propellant due-to the use of

..
—

..

(1-x)y

where x is the weight fraction of fuel in-the propellant
the weight fraction of ozone in the oxidant. (Symbol= are
appendix.) The specific impulse corrected for this e~r~
given by

12=I~+aAh+b&2

where

(1)““-”‘-““*:

and the subscript 1 indicates the value of the parameters
change is made. Equation (2) is derived in-reference 2 and
to the assumption of chemical equilibrium during expansion.
example of the use of equation (2) is given in reference 4.

and y is
defined in the ..
difference is

-.
.-
—

— . : —-—-

(2) ““-

before the
is restricted
A numerical

—.

The value of 726 calories per gram used in equation.(1) was obtained
from heat of formation and heat of vaporization data in reference 5 and

&-

specific heat data for ozone c~culated frofispectroscopic data of ref-
—

erence 6. More recent data quoted in reference 7 give a value of 711 ~—

.-
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calories per grem. This
report by less than 0.25

Direct

3

difference affects specific impulse in this
pound-second per pound.

Computation of.Performance

The estimated performance data obtainedby means of eqyation (2)

were checked by several direct calculations. The general method used to
obtain directly computed data is described in reference 3.

Assumptions. - The calculations were based on the following usual
assumptions: perfect gas law, adiabatic combustion at constant pressure,
isentropic expansion, no friction, homogeneous mixing, and one-
dimensional flow. The products of combustion were assumed to be graphite
and the following ideal gases: atomic carbon C, csrbon monofluoride C!?,
carbon difluoride Cl?2,carbon lrifluoride CF3, carbon tetrsfluoride CF4,

difluoroacetylene C2F2, methane C4, carbon monoxide CO, carbon dioxide
C02, atomic fluorine F, fluorine F2, atomic hydrogen H, hydrogen H2,
hydrogen fluoride HF, water H20, atomic oqygen O, o~gen 02, and the
hydroxyl radical OH. The combustion products were assumed to be expanded
completely within the exit nozzle, that is, exit pressure equals ambient
pressure. The graphite was assumed to be finely divided and in tempera-
ture and velocity equilibrium with the gaaes during the flow process.

Thermodynamic data. - The thermodynamic data for all combustion
products except graphite, methane, the fluorocerhons, and water were
taken from reference 3. Data for graphite were taken from reference 8,
carbon monofluoride from reference 9, the remainder of the fluorocarbons
from ref~ence 10, and water from reference 11. Data for methane were
determined by the rigid-rotator - harmonic-oscillator approximation using
spectroscopic data from reference 6. The base used in this report for
assigning absolute values to enthsl.pyis the same as in reference 3.

The dissociation energjyof fluorine was taken to be 35.6 kilocalories
per mole, and the heat of sublimation of ~aphite at 298.160 Kwas taken
to be 171.698 kilocalories per mole (ref. 5). The heat of solution of
oxygen and fluorine was taken to be zero.

Viscosity data. - The theoretical viscosities for the gases in this
report were calculated by means of three types of equations or estimated.
The viscosity data for C%, CO, C02, F2, H2, and 02 were calculatedly
the method of reference 12. The viscosities of C, F, H, E?, O, and OH
were calculated by the method of reference 13, which aSsumes that the
logarithm of viscosity is a linear function of the logarithm of tempera-
ture. The viscosity of H20 was obtainedby means of a Sutherland equa-
tion (ref. 14]. The viscosities of Cl?,CF2, CF3, CF4, =d C#2 were
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tsken to be equal to those of CO, C02, CH3, CH4, and C2H2, respectively.

The method used to obtain the viscosities and conductivities of mixt~es ‘
of combustion products is given in reference 4.

Physical and thermochemical data. - The properties of the fuel used
in these calculations are typical of the JP-~ fuei delivered to this
laboratory over a -periodof 2 years. The JZ’-4fuel W–aBassumed to have
a hydrogen-to-carbonweight ratio of 0.163 (atom ratio of 1.942), a lower —

heat of combustion value of 18,640 Btu per’pound, an~~a specific gravity
of 0.769. Additional properties of jet fuels may be found in reference
15.

~
N

Several properties of fluorine and ozone taken from references 3, 5,
7, and 16 are listed in table I. Additional data on-ozone may be found
in reference 7.

—,.

Method of calculation. - The calculation procedures and the formulas
used are the same as described in reference 4.

Accuracy of results. - The values presented for.enthalpy, entropy,
and specific impulse appear to be computed correctly to all figures tab-

—

ulated. The temperature and moleculsr weight may’in%ome cases be in- ‘-““ .–
error by a few figures in the last place t~bqlated. ‘me derivatives may;
in regions where they are changing rapidly, be in ez%or b,ya few percent.
However, because of uncertainties in thermodynamic data used, all values

—
—

are yrobably tabulated to more places than are entirely significant. _ .-

THEORETICAL PERFORMANCE DATA

The theoretical specific impulse obtainedby direct calculation and
estimated by means of equation (2) isgiven in table II. The data us-cd
in equation (2} were obtained from results-previously computed at this
laboratory both published (refs. 1 and 4) and unpublished (including spe-
cific heat data for ref. 1). The estimated values d specific impulse
are from 0.2 to 0.8 pound-second per pound lower thag the directly csJ.-
culated values for the five points for _whichboth values were calculated.

—

It is expected that the other estimated vaiues given–in tshle II =e”in --

error by about the same amount. ,--
.—

The msximum,value of specific impulse is 334.9 pound-seconds per
pound for a combustion-chamberpressure o~600 pounds per square inch
absolute and an exit pressure of 1 atmosphere. ,.: 1?––,=_

The calculated values of performance parameters and combustion prod-
ucts obtained by direct calculations are given in tables III to VI.

-— T
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The properties of gases in the combustion chamber and the character-
istic velocity are given in table III. The equilibrium values of specific
heat, isentropic exponent, and c~acteristic ~elocitY include the ener~
of dissociation. The equilibrium specific heat was calculatedly means
of equation (37) in reference 3. The equilibrium isentropic exponent

()

akp
r=m~

was computed by means of equation (32} in reference 3.

The frozen values of specific heat, isentropic exponent, and character-
istic velocity do not include the ener~ of dissociation and are computed
by the conventional formulas (see ref. 17).

Tables IV andV present the values of performance parameters and com-
bustion prOdUCtB at assigned temperatures and constant entropy. The
values were computed directly and used to interpolate properties at the
assigned pressure ratios given in table VI. A discussion of the use of
derivatives suchas n_f,q, and @M/aT)s is given in reference 4. Mole
fractions were computed for all 19 substances considered in this report,
but those substances are omitted from table V whose mole fractions are
less than 5x10-6 for all temperatures shown for a given equivalence ratio
r and fluorine-to-oxygen atom ratio ~.

Table VI presents performance data at various assigned pressure
ratios from 1 to 300. Reference 4 gives an example of the use of data at
the low pressure ratios to obtain pressures at

The specific-impulse
are plotted in figure 1.

Figures

data of table II for
The maximum value of

the injector face.

a pressure ratio of 20.41
specific impulse is 309.0

at an equivalence ratio of 1.508 for a fluorine-to-oxygen atom ratio of
1.942.

Figure 2 presents the maximum value of specific impulse for any per-
cent fluorine in the oxidant. A curve of maximum specific impulse for
o~gen instead of ozone is given for comparison.

The increase in maximum specific impulse due to the substitution of
ozone for oxygen is summarized in the following table (combustion-
chamber pressure, 600 lb/sq in. absj exit pressure, 2 atm; pressure ratio,
20.41):
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Fluorine

*c=:’-z’e’

Specific impulse, I, lb-see/lb Increase in spe-
in oxidant> Jp-4 fuel pIUS
percent bY fluorine-oxygen fluorine-ozone

weight

o 262.3 284.3 22.0
40 281.7 295.4 13.7
70 301.0 309.0 8.0

Figures 3 and 4 present data computed by direct-methods. Figure 3
shows specific impulse as a function of the logarithm of pressure ratio
for frozen and equilibrium composition during e~ansion. The equilibrium
values are from about 7 to 12 percent higher than the frozen values.
The specific-impulse exponent nI is also given. -

Figure 4 presents temperature plotted against the logarithm of
sure ratio for frozen and equilibrium composition during expansion.
shown is the temperature exponent ~.

SUMMARY OF RESULTS

pres-
Also

.:-—

Rocket performance data are presented for JP-4 fuel with mixtures of
ozone and fluorine. Specific-impulsedata were estimatedby means of a
heat-correction equation from data for JT’-4fuel with mixtures of oxygen
and fluorine. The estimated data were checked for several cases by direct -
calculations. The difference in specific impulse between the estimated
and directly calculated values was from 0.2 to 0.8 pound-second per
pound. This difference is negligible for ‘manyapplications.

The maximum specific impulse for a combustion-chamberpressure of
600 pounds per squsre inch absolute is 309,0 and 334.9 pound-seconds per
pound for pressure ratios of 20.41 and 40.83, respectively.

Lewis Flight Wopulsion Laboratory
National Advisory Committee for Aerotiutics

Cleveland, Ohio, November 26, 1956
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APPENDIX- SYMBOLS

nozzle area, sq in.

coefficient of thrust; ~ = gcI/c* “ @c%

specific heat at constant pressure, (ah/aT)P, cal/(g)(°K)

characteristic velocity,

thrust, lb

gravitational conversion
(ft/sec2)

sum of sensible enthalpy

sum of sensible enthalpy

gcP&.w, ft~sec

factor, 32.174 (lb mass/lb force)

and chemical.energy, cal/mole

and chemical energy per unit mass,

specific impulse, lb force-sec~lb mass

molecular weight,
;-nk /‘, g g-mole

derivative of molecular w ight with
constant entropy, (°K)-?

mole fraction

specific-impulse exponent for fixed

or lb/lb-mole

respect to temperature at

pressure ratio,
&Jp /p

c

temperature exponent for fixed pressure ratio,
~$)pclp

static pressure (sum of partial pressures), lb/sq in.

partial pressure, lb/sq in.
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R

r

‘;

s

T

w

x

Y

a

P

r

P

universal gas constant (consistentunits)-.

equivalence ratio, ratio of foux ttmes.the
plus the number of hydrogen atoms to two
oxygen atoms plus the number of fluorine

3%+
entropy at pressure of

entropy per unit mass,

temperatum, ‘K

mass-flow rate,

weight fraction

weight fraction

oxidant-to-fue1

lb/see

number of carbon atom~_
t~mes the number o~
a{oms in propellant,

1 atmosphere, cal/(mole)(°K)
.

x n~(s~)i:- R~pJln(pj/14.696)

+ ‘-” EM—

---
.

of fuel in propellant

of ozone in oxidant

mole ratio

fluorine-to-oxygen atom ratio

isentropic exponent,
()
alnP
-s

density, lb/cu in.
—

.,.—

-..

.

““w:

:.

;

—

....

,---

. —

.

Subscripts:

c combustion chaniber

e nozzle exit .._

i product of combustion including both gaseous and solid phases

3 gaseous product of combustion

k solid product of combustion (graphite) ~.

P constant pressure —

Pc/P constant pressure ratio

.,.

—

—

.-
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s constant entropy
.

t nozzle throat

1 reference point
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TABLE I. - PROPERTIES OF OXIDANTS
. .—

I Properties

Molec~sx weight, M
Density, g/cc

Freezing point, ‘C
Boiling point, ‘C
Enthal.pyrequired to convert

liquid at boiling point to
gas at 25° C, kcal./mole

Enthalpy of vaporization,
kcal./mole

Enthalpy of fusion,
kcal/mole

.

9
aAt -196° C (ref..16).

bAt -112° C (ref. 7).

cAt -183° C (ref. 7)0

‘Ref. 5.

‘Ref. 7.

‘Ref. 3.
gAt -187.92° C (ref. 5)0

‘At -110.51° C (ref. 5).

‘At -217.96° C (ref. 5).

Fluorine Ozone

38.00 48.00
al.54 %.46

C10571
‘-217.96 ‘-192.7
‘-187.92 d-llo.51

f3.030 ‘3.8

%51 ‘2.59

‘0.372
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TA8LEII.-THEORETICALsPEcmIcIMPULSE OF JP-4 Fom WITH T41mzs OF LIQUID FLUORINE MD OZONE

[Combustion-chamber preaaure, 600 15/8q in. abs.]

Fluorine
tO-
oxygen
atom
ratio,

B

Equiva-
lence
ratio.

‘uel In
)ropellant
lercentby
re~ght

Specific impulse
eOtimated b

fequation (2 for’”
equilibrium ccm-,
poeition ..

Specific Impulse by
direct-computation

‘luorlne

,n oxidant,
)eroent by
feight Equilibrium I Frozen

composition composition I

7
40.S3

290.0

20.41 I40.S3 ““: 20.41 I 40.S3 20.41

0 0 1.000
1.200
1.300
1.400
;.;::
1:800

22.71
26.07
27.64
29.15
30.70
31.9s
34.59

27’0.9 295.4
277,4 302.2
279.7 305.8
281.1 306.5
283.2
284.3 309.0
203.3 306.5

804.0 308.9 269.8 .-

.

.
297.0

302.5

306.8
307.8
307.8

0.200 19.19 1.500
1.$08
1.540

28.15
28.26
28.68

287.8 312.7
287.8
288.0 I

0.500 37.25 1.500
1.508
1.600

;: .$:

26:94

23.21
23.30
23. S0
24.38’

21.48
21.57
21.82
‘22.69
23.67

20.48
20. s1
20.89
21.03

-1-
293.8 319.0
293.8
294.2

301.0 325.7”
301.1
301.3
301.4 +

294.5 319.8

301.4 327.0

2?7.2

282.2
1.500
1.508
1.550
1..6OO

1.500
1.508
1.530
1.600
1.700

1.000

1.600

1.942

54.29

65.52

69.75
z306.9 332.6
307.0 -t

4
307.0
307.7
304.9

I T-
287.2
288.1
288.1

1.47-0
1.500
1.508
1.520

308.0 333.9
309.0 334.9
308.9 334.8

308.6
308.7 334.5’
308.3

2.000 70.37 1.000
1.400
1.500
1.600
2.500

14.83
19.60
20.71
21.79
30.33

282.8 305,8
305.7 331.0
308.2 334.0
305.9 331.9
E89,7 313.0

. .

2.100 71.38 1.400
1.500
1.530
1.570

19.44
20.55
20.87
21.28

305.1
306.5
305.9
305.3 ..-.

2.200 72.32 1.450 19.85
20.40
20.82
21.46

30.5.51

--1--1.500
1.540
1.600 w

2.500 74.80 1.650
1.700
1.750

21.56
22.07
22.57

301.1
301.1
301.1 I
Ezt-4.000 82.61 23.47

23.82
25.22

2.000
2.040
2.200

.

—
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!rA8LE III. - TSETMDYIWMIC FROF’E2TIES OF COMBUF31’IOlf GASES FOR JP-4 I?JEIIMD MIXTOR2S OF

LIQUID FLUORINEm O!mm

[(!OIIbUBtiOU-Ch&iIbW yessure, 600 lb/sq in.abs.]

‘luorine - Fluorine Equivalence Fuel, Te~er - I&lecular Enthalpy, Entr~, Specific Iaentropic Ch.macter-

;o-oxygen in oxidant, ratio, percent ature weight, h, El heat, exponent, lBttc

Ltom percent by r> by T, M Calfg Cal
‘atlo, m ?; r

velocity
weight 4(C) + (H) weight ‘K c●,

P 2(0) + (Fj
m

ft/eec

o
.5

1.0
1.942
1.942
1.942

I I
o
37.25
54.29
69.75
69.75
69.75 L

I .50a 30.70
1.508 25.70
1.500 23.30
1.47 20.4s
1.50 20.81
1.508 20.89

l?quilibrium composition

I I I I (a)

3831
4100
432s
4602
4609
4606

20.74
20.31
20.26
ZW.62
20.52
20.51

3914
3636
3485
3319
3355
3359

2.954
2.903
2.845
2.749
2.750
2.759

1;8i17
1.665
1.465
1.491
1.480
1.494

Frozen co~aition

o 0 1.s38 m.70 3a31 20.74 3914

.5 37.25 1.=8 25.78 4W3 20.31 3636

1.0 54.28 1.50s 23.30 4329 20.26 3485

1.942 69.’75 1,47 20.4% 4802 20.62 3319
1.942 69.75 1.50 20.81 4s08 20.52 3355
1.942 69.75 1.508 20.89 4606 20.51 3359

%ergy or aief30ciationinclti in computationor propertyvalue.
bww= or ~ie~oCiation~cl~~ Ln co~~tion Of ~operty vale.

2.954
2.903
2.845
2.749
2.758
2.759

=

.4322

.4290

.’MM6

.4069

.4074

~
.

1.162
1.171
1.169
1.168
1.167

~
.

1.276

1.296

1.313

1.312

1.312

--g-

6637
6609
6964
6985
6906

(b)

6198
6407
6555
6670
6691
6690
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p -0 (- =Uw); r - 1.W (%.70 Dm,mt ti

4000 0.04aa 934. B1O 4oe1.3 SO .456 -.001617 1.1491 1.9006
3600 .0410

975
311.190 368S.4 01. i4a -.001803 1.1394 1.8s1> 908

3s00 .0317 87. s66 3=84.5 81.877 -.001024 1.1s43 l.nsal 8s8
9000 .017s U3 .536 a9a0.3 aa. 5s9 ‘.001304 1.x4a8 1.0751 754

3s00 .0134 84.84s 9180.4 S2 .464 ‘-000989 2.1769 .8146
2800 -.0077 10. anv 1947.5. 80.743 -. 00057.0 .l. =3f43 .S%8B
9400 -.0S36 4.931 1780.6 aa. 000 -.0000s3 1.s965 .30ii

1.928 160E. B a#.9ns -.001144 1.a004 .6S91

B.1.’W( 8B.75 -tit r—), r . 1,3s [m.al P.

4800 0.0408 a6s. ’loo 35a 1.7 SO. S?5 -.001s79 1. Z711 1.5983
4400 .04n6 393.760 3170.3 aO .806 ‘.001370 1.16.54 1.4356
4000 .0350 16.3.1S0 sus O.5 81.359 -.001384 1.1611 i.9869
3600 .0Z65 64.709 Ssoa. o 81.895 -.001S66 1.1636 1.0660

80.344 -.000940 1.1709 :;V::
a*. 687 -.000468 1. SL8T
sa.73z -. Oo.ao9a I.aials ~.
a2 .786 -.000a5s I.aa B#

P -1.342 (6a.75 pmmmt rkri..), t-- l-w (20.M P

eO, S6S -.001S74 1 170
ao.790 -.00.,3, ,“1.43 :“::::
S1 .340 -.001374 1:1609 i:ee4i
al. oql -.001849 1.16>9 1.0579

3s00 .0ia3 aS .356 8a19.5 *B. 31s -.0009a0 l. laoa
aooo -.004s

.7908 I*S7
ZO .460 1984.3 aa .589 -.000463 1.8194 .5sss 1108

8400 -.0107 4.66* 2000. % Ss. 700 -.000133 1.a7ss .4s14 98s
aooo -.0s48 *.0T7 i644.4 as. ?ns -.000019 A.300B .S?as a49

1600 -.0a66 .8B5 1499.6 28. ’788 -.000001 1.3s83 .sss0 709

7
00nml.

“Wiii)w
1 1 I r I

.0011s 4.339 1.453 .0110

.00o74 S.Jas 1.696

.00051 14.035 1.698

.00044 Z6. aQS 1.780 .Uofln
mt *1]

‘=l=l=kz
.00111
.00074
.Ooosa
.00041

.00033

4. ’d92 1.4,30
8.186 1.693

.OIILI 314.9

.0091 34s.9
14.6B9 1.696 .0078 360.3
S6 .815 1.779 .005s 3.16.3

50.691 1.853 ,0041 0s.8

I

L

, ,’
b

.,

,

-F
*

.
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TABLEIv.- Concluded.THE-ICAL RCCE31?--CE AT ASSIQIED

n-4 FuELwITHmxT%mxsOFEZumllmm Ozm
[Cunbuntlon-chamber premure, 603 lb/mq in. aba. 1

15
.

.

(b) Frozen ccnqmnitlon 6urlr16 imntmple ex

Tem- Stitfc mltylw, Speclric Inmtropic Abm-
pcr- Drey., heat , ●xponent,
mtye,

lute
C&g

lb/d fm.
‘=+ abn

& (*). g: =T=E
5.0 (weozom); r-l.

4000 751.780 :;;: .; 0.5013 1.2.36
3600 434.460 .4962 1.239
32.00 236.960 3601:6 1.243
2800 120.280 3406.9 :::::
24OO

1.248
55.714 3215.5 .4739 1.253

2000 22.871 3028 .2 4619
1600

.t. a62
7.951 2846 .6 :4453 1.274

1200 2.164
900

2672 .9
.632

1.294
2549.8 :$;:: 1.317

600 .124 a434 .3716 L. 347

18 (52.

971
907
841
771
697

percent fi

1.00060
00056

:00051
.00046
.00041

.)
1 I

1.08 0.519 100. (
1.06
1.44 L:::: ;;;::
2.27 1.280 246. !

63.8
532
437
3s7
264

r - 1.5

1265
1184
1099
1011
920

::::::
.00024
w:::

(25 .78 pe,

).00073
.00068
.00063
.00057
.00051r44004000

3600
32OO
28OO

832.960
:;:::::

193.490
106.340

!3-0.5 (3

3772.2
3590.9
3411.3
3a 33.6
3058 .1

2885.4
2716.2
2551 .6
m: j

25 percen

.4552

::::?
4416

:4355

fluorine)

1.274
i. 277
1.280
1.285
1.290 A

1.53 0.314 62. !
1.00
1.13 :;;: ;;;:;
1.51 1.126 224.2

2.24 1.Z83 255. !
3.70 1.421 28Z. S
6.97 1.542 S07.2

15.61 1.651 328. E
34.00 1.725 343. ;

96.88 1.79Z 356. S

ant ?uel)

a400
2000
1600
1200
900

53.86z
Z4 .488
9.585
2.99a

.988

1.a96
1.306
1.319
1.339
1.361

8a4
723
615
497
400

.00045

.00039
00032

:oooa5
.00020

.

.223 2171 .9 1.385 29a

r - 1.5

1410
1314
1216
1115
1010

..00014

(2S.W pe,

).00078
.0007a
.00066
.00060
.00054

4400 644.540
4000 4a5.3ao
3600 269.760
3aoo 163.010
2.900 9a.7a3

1.07
i.oa
L.al
1.60

a.33
3.74
6.73

14.26
29.55

0.543 llO. C
.

1:::; ;:;:;
1.16a 236.6

1.301 a65. c
1.424 a90.1
1.534 31a.6
1.634 33a.9
1.7oa 346.7

a400 48.819
aooo a3 .19a
1600 9.558
1200 3.176
900 1.104

2688.3 4047 1.3ao
25aa .1 :3957 1.330
a372.1 .32.36 1.343
aaaz.7 1.364
al 13,6 ::::: 1.384

900
785
662
531
4a5

.00U47

.00041

.00034

.Oooafi

.000ao

600 .a64 2009.6 .3401 1.405

B - 1.942 (89.75 percent fluorln

48OO 716.400 3399 .4 0.4065 1.311
4400 497. zao 3a 37.6 1.315
4000 334.450 3077 .1 : y;; 1.318
3600 a16 .570 2918.1 1. 322
3aoo 133.880 2760.6 :3916 1.3a7

a800 78.093 a605 .0 3866 1.33a
a400 42. a88 a45z.5 :3a05
2000 ao .748

1.339
a300 .9 .37a4

1600
1.349

8.8?1 a154 .0 1.363
laoo 3.080 aoi 2.1 :::+: 1.3.s4

307 1.765 359.5

;’r-l
1639
1535
14a9
1319
1206

loe9
968
840
707
564

.00095 1.75 1.2oa a49.3

.00048 a.51 z.3a5 274.8

.00041 3.93 1.436 a97.7

.00034 6.88 1.536 318.4

.00026 i4. oa 1.6a7 337.2

900 1.112 1909 .6 3356 1.403
600 .278 1810.6 :3a52 1.421

448
322

;r-1
1634
1531
1424
1315
1203

asoo 77.423 a633 .13
24OO

1.332
41.900

aooo
a479.5 ::::: 1.339

ao .544 a3a8 .1 1.349
1600 8.777 2180.4 ::::: 1.363
laoo 3.044 ao37 .7 .3493 1.384

1086
965
838
705
5b2

.00055 1.75 1.204 a50.5

.00049 2.5a 1.3a7 a76. o

.0004a 3.96 1.437 298..9

.00034 6.93 1.537 319.7

.000a6 14.15 1.6a8 338.5

447
32a

;r-1

1633
1530
1424
1314
lzoa

aeoo 77.545
a400

2638 .6
41.945 a484. z

1.331
:;;:;

2000
1.339

ao .554
1600

a33a.5
8.776

1.34e
2184 .6

laoa
:3639 1.363

3.04a 2041.0 .3497 1.3H3

.00055 1.75 1.204 a50.4

.00049 2.52 1.327 a75. s

.0004a 3.96 1.437 298. s

.00034 6.94 1.537 319.7

.000a6 14.1? 1.6a13 338.5

900 1.097
600

1932 .7
.274 1839 .1

1.4oa
:: 27: 1.421

.00020 28.38 1.691 351.5

.00014 73.33 1.749 363.7A447
321
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TABLEv. - EQUILIBRIUMCOMP03~IONCIFPRODUCTSOFRE#@TIONAT C~:I~ T~ ANDAT

&

. .
.=

lCmbustlcm-0har9ber premure, am lt@I in. ah. 1 -

(SO.tiiienent fu.ITS. O(purec.2a

~

0.37S77 0. Z7978 0.32666 0.34934

*)) r-1.30
2400 I

O:::::;’

:?:?::,

.34145,
00019

:00018
.00155

q

loner

3a00

O.; ::g;

:::;;:’

:07847

“ 3600 4000 I2 .6,Qo I saoo

4
O.; ;$j; 0.>6s74

.11103

f
:02 91 04zao
.13 63 :la910

.3a*54

.00s10 ::::;;
oazoa

:01529 ::!:!;

. 25.78 f

36 0 400Q

0.33?59 o.::~:g
Osz; :

:0

3

:00844
06 35 07e56
;07 65 :07936

I@ a6s09 31197
0 :::;;: o“

.33434
o“

&l 0 :
::2:$: :“ .00001 .0003Z

B - 0.6 s . 5 mr. ent

m 7
a400” aaoo

o.:~:;; 0.33194
08aa9

:00007 :00051
.: :::; oaa72

:oela6

.:4400

I

+

.30-00

f

aa 937
10 43 ::::::

:01
.00 9: :Oliz?
03 82 .04S63

. 1.508 23.S0. eroint f
360.0 40Q0

o.3a%a o.sz40a

W$j :;%:;

04 .Af 8 .0444.2

w
!.,

4400 ! I

HF .413.50 49969 .49113
H=O :Os 711 :::;;: 0563a

:::;?: o .00011 :00170

~ 00s55 o 00075
:oa614 .00009 :::::: :00569

S - 1.942 (69.75 pem

P, % b460a 2000 ! a400 aeoo

2EMl153
t fluorine; P - l.Jt (20.4S Peromt

3a00 3600 4000

c(w) o.000oa o 0
CF . ooooa o : 0

~ o 00301 0 0
13a440

ma :::;;: .
.32544

01057 :::::; . 00797

F 00860 01657
Fa :;:;Z; 0.

01911
0. 0.

H
~ :;;::: :

00179
:::::! :00034

.46081 .65443 .64900 .64487

—

R

~

—

,*-

—

.

.=. .

—-

● —.

-.
.-.

*

,.
—

T
b4609 aooo

0.00008 0
00007 0

0’ .00015
30539 .33704

:oooao .Oolal

.11591 .00~63

:::::: : “---:
01637 0

:48070 .65837

::::;: :
00034 0

4aoo

o 0

: :
33700 .33556

:00165 .00152

00378 00961
0. 0.

06031 .00359
:00018
.65713 :::i:: Us-L

o -f.. 0 00001

:: .0.

::*: :::g!+
‘.04;6:91 07384

0 0.
00%=99

::: J]: :::::;
54?13

.Omll

::$%: %ii

T

r - 1. 8 2a.8a ercmt

3’m D 36 0

0 r 0.00001
.o@D1 ooooa

o 0.
:“ 4. 0

0

2{
.33. s sa70a
.0

ok

:00 oa
.oa’26: .04 al

o
.oi400 .03t117

.00143L
6 9%4 Q ::::;:

0.,.0’
0 -. . ooDoa
0! ., :00001

0.00003
00003

0.00015
00013

0.
.30156
.00018

:;::::

::::;;
.46086

.00010

::::$+

o

0

0
.33176
.00110

oa42s
0.

::;:;;
.6253a

30964
oooa4

10171

.—

!J!!E!
- 1.942 (69.75 pet-m

r, OK\ b4606 I 1600 aooo 2400—

.00010

.00030

.000 ia

t fluorine)
aeoo

T
4400 4800

0.:::;: 0.00037
.::::;

:00001
0 0.
.000oi .ooaoi

ao&9) 0.::::: : 0
w : 0
~a :00001 0 0

W4 o 00001 : 0
c2Fa . 00001 0. 0 0

co 33980 33985

:%

3394a
:::::2 :00001 0. 0.
.11380 0 00019 .00175

p. 0-
:::::3 :

0
H .00004 .00D66

~ 02.678 .00008
;48167 :2:::: . 65983

M.@
::;!:!

.00003 0 0
0 00031 0 ; 0
w :00010 0 0 0

0.0000s
.00006

0
0
0

3oaa2
:00008
la660
00001
00970

33781
0.

00801
0.
.oo4al

0
.07026.049a7

018.53
46i51
00004
00045
00~16

.‘CompoBltion8 given 28 mole f’raotiorm,those lent!than Eilo-s zra nhown m O.

‘C.nDbuBtiOn-chama9r oondltims.
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fW LIQtIU)

Gzcm Arm FLUORIIE WmH JT-4 FUEL
[CcnbuOtkm-ohsmber Pmssure, SW lb/Bq 1.. &, .]

(a) E@l lbrl.m .mmpwitica 6ur1nK iamr.trqlo upan.lcm.

FTosmuw
ratio,

pa
Sut 10
pry-%

w~,in.1
emp.matur.,

T,

%W-e’m~e’m:y mpr,

%’? ‘=Vs
aIm T )~ ~=

-P-
.

:045Z 899:4
781.6:::;:
71.s.4

.0401 642.9

UOIMUI
Waig;t ,

titio or
nozzle
arsa toUE-mt
area I

COOoe:i- specirlc-
wse

0? expanent,
Ulmmt ,

‘+ &)pa
I -eI

r

02 A

20:7
20.9
21.0
$31. z

1
<

x
1.040
3..446
1.735
a. 16a 1 m T2.s57

1.036
1.000
1.03s

o:~~: 0.01s1
0147

.657 :0144

.774 .03.42

3“5.4
107.3
L30.4
153.5

Z53.2
a83. a
as4. o
308. Z
308.9
3az. o
335.5L

60 3088
aae5

;g.s9a as79
15 a676
3.4.696 a6T0
10 ZS49

6 2380I--L
0.::;: 177.1

99a. a
:0a08 986.9

eaa.3
:; U;; 817.5

7a9. e
-:0034 620.5
-.0165 41 -2.8 I-J

22.0s
2a .4a
22.42
aa .69
2a .70
Zz. sa
22.94
23.06

-.00175
-.001s1
-.00ISL
-.00113
-.oolza
::::::~

00012 --L
1.13s i.4a9
1.139 l.l EO
1.139 1:; ;2
1.x5a
1.152 .923
1.162
1.178 ::::
L.21O .S09

2.41
3.96
4.02
6.67
6.76
9.10

;;:::

1.2
L.4
1.4
3..5
1.5
1.6
1.6

~

6
!7
,1
3
7
,e
‘1
~

0094
:0085
.0064

!9-0.5 (s7.25 p,

1 600 4100 O:::;: 363S.8
1.040 576.9a 40.s2
t.4s4

3620.1
412.76 3941 3409.6

1.744 345.97 3867 ::::: 34zl.0
a. 160 a7s. ~8 3779 .0427 3339.4

10 60 324a 0.0308
20 .oa34
20.41 ;;.39a ;;;;
40 Is :U; g
40.83 14.696 mg

10 :00.93
1:: 6 a465 -.0030

went nuc.riw)s r . 1.XM (X5.78 peroent it

~

1)

o.: Llg:

:01S6
.0153

0.:;;:

:012Z
;::$;

.0104

.00;3

2.36S
1.035
;::::

0.179
.547
::::

1. Z75
1.4a4
z.4a8
1.547
3.. ss0
1.610
L. 681

36.9
112.8
136.7
L60.6

a63. o
a93.7
a94. s
3L9.1
3L 9.8
33a.2
346. S

a.3s
3.89
3.9s
6.53
6.63
8.88

13.09
-.

.

1 600 43a9 0.::;; 3:: :.: 20.26
L. 040 S76 .92

-.001s3 1.171 1.485
4309 ao. a9

1.4s.s 411.40 4149 :0448
-.001s4 1.170 1.483

3ss9:3
2.374 0:::: 0.0161 38.0

20.51
1.7s0 34a. s3

‘.00L40 1.167 L. 466
4066 3a66.9

1.035 .0156 IL 6.5
20.6a -.00143

2.L8S a74. a6 3967
L. 166 L.4S8

:::::
1.000

SISO.9 20.77
.666

-.00146
0154 140.9

1.164 1.444 I.osa .781 :01s1 165.4

0 - 1.0 [54.29 D.mmt muorlne): r - 1.50.9[23.63 D*romt ruel]

::
80.4L
40
40. a3

Ig:
300 w S1 .70

2S .07
za. oa
aa .40
22.40
a2 .54
aa .68
sa .80

-.00156
‘.00L4L
-.00L41
‘. OO1O8
‘.00L07
-.00083
-.000s0
-.00008

1.1S6 1.a44
1.160 1.06a
1.161 1.055
1.L75
1.17S :;:j
1.191
I.zl? :s6a
L.a6Ll .416

Z.35
3.8s
3.s9
6.40
6.50
8.67

12.71
a8 .66

II
1 600 460a
1.040 s76 .9a 45ea
L.4S8 411. S6 4414
L. 749 34a.9e 43a7
a.L87 a74 .37 4a aa

10 60 3S6S
ao 30 3a79
ZO.4L a9 .39a 3a70
40 Is a9s L
40.83 14.696 a97t

10 a7s6
Liz 6 aso9
300 ao13

II

1 600 4609
1.040 s76 .9a 4s89
1.458 411. s5 4421
L. 749 34a .96 4334
a.i.a7 274. s7 4aa9

lo 60 3S6S
20 30 3a78
ZO .41 a9 .39a 5a69
40 1s 2976
40.63 14.696 a967

10 a?aa
1;: 2S36

: 198S

0.0L6S 38.9
0%s9 119.0

:OLS6 144.0
.0153 169.0

--L
o.ota7 a7s. s

.011S 307.2

.OLLS 30s.0

.O1OI 333a

.0101 33s.9
0091 346.3

:0077 36o.9
.005

0.0L64 39.0
01s9 L19.4

:0156 144. s
.o isa L69.6

0.024S 477.1 21.94 -.oozas 1.164 1.045 a.34 1.273
a63.7 2a .27 -.ooloa

:~w; a57. s
L. 174 3.a O

za. ae -.00101 1.175
L. 419

071.4
::;: 3.86 L.4a3

aa .53
:003S

-.00068 1.198
066.0

6.30 L. 539
aa .53 -.00066 1.199 :649

-.004? 96a. s aa.63
6.39 1.S42

-.00045 L. aal
-.014a

0.48 1.600
849.3

-.0L64
~?.;~ :.o OoLa 1.a63 :::; la. a8

63a.9 . 026
L. 667

1.2ao .4a~ a6 .92 L.7a3

n - 1.842 (69.75 peroent ?lu.arine)s r - 1.508 (23.88 permit fuel)
-L
o.o La7 a76.4

0114 30a.1
:0114 309.0
.OLOO 334a
.0099 334.9
0091 347.3

::3:: 3: .6.9

600
s76 .9a
j~j:::

a74 .43

4606
4S86
4418
433L
418s

SS6S
3a7a
sa63
a968
29S8
a778
asa7
i9aa

m1
1.040
i.4sa
1.749
a.le6

;::3g 0: j..: 0.0163 39.0
01s8 119.3

1.000 :0155 144.4
x.oae :::: . 0L50 L69. S

::
ao.4i
40
40.83

1::
300

60

;~.39a
15
;; .696

6
a

0.::::

;0146
0036

:oo3a
-.0050
-.0L40
-.0251 L

481.3
268.1
a6a. L
07s.9
070.6
973. Z
854.3
637.9

aL .92
aa. a4
2a .25
az. sa
a2. sO
aa .60
22.6a
a2 .73 A

-.oola3
-.00099
-.0009
-.00065
-.00064
-.00044
-.000aa
-.0000

l.L65
3..176
1.176
z.aol
L.zoa
1.a22
1.a56
1.309 JJ-

2.S4 1.a73 o
3.80 1.4L9
3.a6 i.4a3
6.a9 1.s39
6.3e i. 54a
8.46 1.s99

la. a6 1.667
‘26.93 z.7 aa J

.ola6
0113

:uL1a
.0099

:::::

:::::

a76.4
300.1
3oa.9
334. L
334a
347.3
361.9
3s 7.0

.

.
%hKat.
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- VI.- Concluded.!l?EEmlCALROCHEl!PERFQRM4NCEAl!VAR1OUSFRESSURERATI@ l’QR
.

MIXTURES CIF LIQUID OZCINEAND 3’LUURINE WITH JT-4 F’OliZ
[Cmbuetion-ob.mber Premuw, 600 lb/aq in. abn.]

(b) Froz~ cnmPOSltiOn durins inentrwlo cxpansicm. .
Pressure 3tatic T=Dor-
ratio, preBaure , ature ,

P.@ T
lb/~+~ in. ok

I I

0.0:

m
me ozone)j F - 1.S08 Im -

0.499
.499
495’

:494
.491

0.475

s;;

.455

.449

.440

.420

m

0,46
.45 3
.440
.447
.445

0::::

.4ao

.413,

.411

.405

.397

.380

-

o.4a9
.:::

:4a4
.48a

0.407
.399
.399
. 390
. 390
.3e4
.377
.361

a.4 aa 0.183 35.3
1.031 111.4
1.000 ::;: 133.0
i.oa9 .80s ls 4.7

-L
3a3a.6 :.:2!;
3081.7
3077.6 a:a.59
a950.8 1.a66
a947. a 1.a67
aaaa.6 i.a7i
aeo4.7 i.a78
Z664. O 1.a96

7

>eraent fluorine J r -

3636.8 L.a?s
36ao. a 1.a?6
347s.9 z.a79
3410.6 i.aao
3333.0 z.a8a

.

percent fuel) _
I

a. 44a I0.185

I

36.9
1.030 118.0
1.000 :;:; 140.0
1.oa8 .814 16a.1

_J-
a9il. z i.a9s
a756.8 1.303
275a.7 1.30s
a6a 5.6 L.31a
asaa. o ;.;;:
assa. a
a48a.3 l:3a7
a348. a 1.34’7

‘T3499a 2.a96
347a.6 ~,a97
33a3.7 1.300
3a54.9 1.301
3174.6 1.303

—.

2.461 0.186 S8. O
z.oa9 iaa. a
1.000 :$:: 144.6
i.o aa .eao 167.0
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Figure1. - Theoreticalequilibrium specific

impuL3e of JP-4 fuel with l&@&ozone -

liauid-f’lmrine mixtures. Data calculated

by-mea~ of equation (2). Combustlou-

chauiber pressure, 600 pounds per square inch

absolute; isentropic expansion to 2 atmos-

pheres; pressure ratio, .20.41.
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Figure 3. - Theoretical specific impulse plotted against
logarithm of nozzle pressure ratio for ~-4 fuel with
liquid-ozone - liqutd-fluorinemixtures at equivalence
ratio of 1.508. Isentropic expansion from combustion-
cha?iberpressure of 600 pounds per square inch absolute.
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